Abstract: In this paper, we propose a UV-A sensor based on a 6H-SiC Schottky photodiode with a thin Ni 2 Si front electrode and an integrated hydrogenated silicon nitride (SiN:H) dielectric filter. 6H-SiC prototypes were fabricated by using a manufacturing process to a large extent already implemented on 4H-SiC poly-type for the realization of a high signal-tonoise ratio ultraviolet (UV) sensor already commercialized. The results obtained on 6H-SiC prototypes show optimal electrical performance with dark current density lower than 0.2 nA/cm 2 at room temperature and 10 V reverse bias. The use of 6H polytype allows shifting of the UV sensor response from 290 nm peak responsivity wavelength measured on standard 4H-SiC photodiodes to 360 nm wavelength in 6H-SiC prototypes with an integrated SiN:H filter exactly in the middle of the UV-A band (320-400 nm) with a simultaneous consistent reduction of the optical response in UV-C and UV-B regions below 320 nm wavelength.
Introduction
The solar spectrum extends in a wide range of wavelengths, most of which are invisible to human eyes. Ultraviolet (UV) radiation joining the Earth's surface is the most energetic component of the solar radiation and, for this reason, has greater harmful potential. UV spectrum is generally split in the UV-A (320-400 nm), UV-B (290-320 nm), and UV-C (100-290 nm) components, the latter completely absorbed by the atmospheric ozone.
Prolonged exposure to UV radiation can irreversibly damage skin, eyes and immune system [1], [2] ; then, the monitoring of the overall UV light intensity and of its components in UV-A and UV-B regions is of great interest for the human healthcare. The ultraviolet index or UV Index (UVI) is an international standard measurement of the strength of sunburn-producing ultraviolet radiation at a particular place and time. The UVI is designed as an open-ended linear scale ranging from 0 upwards, directly proportional to the intensity of UV radiation that causes sunburn on human skin [3] .
In a recent publication, we presented a complete characterization of an UVI sensor based on the use of a thin continuous metal film Ni 2 Si/4H-SiC Schottky photodiode [4] .
The device, with a 6 μm thick active epi-layer, operates at its maximum detection efficiency already at 0 V bias and is characterized by a bell-shaped optical response curve covering almost all the UV range from 200 nm to 380 nm with a maximum responsivity value of about 0.045 A/W (QE 20%) at 290 nm and a very low leakage current density (about 0.1 nA/cm 2 at 0 V bias up to 100°C) [4] . This 4H-SiC based UV sensor was already successfully integrated in some portable devices for UVI monitoring. Nevertheless UVI detectors do not provide the estimate of the relative amount of UV-A and UV-B components reaching the Earth's surface. Even though the most of the UV radiation is in fact in the UV-A range, the measurement of the UV-B relative flux is of fundamental interest, being photons in the UV-B region the most energetic and thus the most dangerous for human health. Radiation in this range can in fact produce an irreversible genetic damage to DNA cells which plays a key role in the development of skin cancers [5] . The measurement of the UV-A and UV-B components of the UV spectrum is thus very important in order to reduce the risks for human health connected to prolonged exposure to UV rays from sunlight or indoor tanning systems.
Moreover, the level of UV radiation depends on the atmospheric concentration of ozone, which strongly absorbs the UV-B photons [6] . Therefore an indirect evaluation of the variation of the atmospheric ozone concentration can be obtained through the monitoring of the UV-B relative flux with respect to the total UV irradiation.
We recently published our study on an UV-A sensor based on the use of a 4H-SiC broad band UV photodiode and an hydrogenated Silicon Nitride (SiN:H) filter deposited on the Ni 2 Si device front electrode [7] . The use of a thin passivating SiN:H film allowed to reduce the detectors responsivity in the UV-C range (<280 nm) and to shift the detection spectrum in the UV-A range with a peak responsivity wavelength around 330 nm. The results obtained with the 4H-SiC detectors with SiN:H filter are very interesting and promising for UV-A sensing application. However a further shift of optical response of the sensor towards the middle of the UV-A range is crucial to significantly differentiate the UV-A detector's response from that of UV-B sensors and thus to correctly estimate the UV-A and UV-B components in the impinging UV light spectrum.
In this paper, we propose the use of 6H-SiC based photodiodes for UV-A sensing: The 6H polytype exhibits an energy gap of E g = 3.05 eV (correspondent to a λ cut−off = 405 nm), which is a value lower (longer) than that of the 4H poly-type, whose energy gap is E g = 3.26 eV (λ cut−off = 380 nm) [8] . The use of 6H-SiC is thus expected to shift the optical responsivity spectra towards the visible range with respect to 4H-SiC photodiodes warranting at the same time the visible blindness and low leakage current typical of SiC detectors [4] .
For the fabrication of the 6H-SiC prototypes we used a manufacturing process to a large extent already used for the fabrication of 4H-SiC detectors [4] , [5] . It has to be pointed out how the fabrication of good performance 6H-SiC detectors is not trivial considering the poor technology maturity of this material with respect to 4H-SiC, largely used for the fabrication of power devices [9] .
Moreover, in the paper we focus our efforts also on the optimization of the SiN:H dielectric layers stack integrated on 6H-SiC Schottky photodiodes to obtain optimal optical response in the UV-A region.
Photodiode Fabrication
The 6H-SiC UV photodiodes were fabricated at CNR-IMM-Catania and STMicroelectronics-Catania clean room facilities using two 6H-SiC wafers of 2-in diameter provided by LPE-Italy Silicon Carbide Epi Technologies. An n-type epilayer (nominally 30 μm thick, < 1 × 10 14 cm −3 residual n-type dopant concentration) was grown onto an n-type heavily doped substrate (1 × 10 19 cm −3 ). In order to form the Schottky contact, a thin layer of Ni (10 nm) has been deposited on the epilayer surface by sputtering in Ar ambient at a base pressure of 1 × 10 −3 mbar. A particular care was taken to clean the SiC surface, in order to remove the residual surface contamination, by introducing a 180 s in-situ sputter etching step before Ni deposition. A subsequent rapid thermal annealing process at 700°C in N 2 ambient has been performed, obtaining an Ni 2 Si layer about 20 nm thick [4] , [10] .
The ohmic contact on the n + substrate back was formed through the sputtering of a 100 nm Ni film, followed by a rapid thermal annealing process at 950°C in N 2 atmosphere [11] . Contact pads of Ti/Al were deposited on the front side. The detectors reported in this paper have an optically active area of 1 mm 2 . In the top portion of Fig. 1 , an optical microscopy picture of the proposed device is shown. At the bottom of the same figure, a not-to-scale schematic cross section of the detector is reported.
On the surface of one of the two processed 6H-SiC wafers, a thin SiN:H layers stack was deposited at low temperature (400°C) through plasma enhanced chemical vapor deposition (PECVD) [12] , as last deposition step after the pad definition for the Schottky anode contact on the Ni 2 Si surface. The dielectric layer was then selectively defined through a photomask and a dry etching process. All the process steps just described are therefore fully compatible with the fabrication flow of standard Ni 2 Si/4H-SiC Schottky technology [4] , [7] .
Electro-Optical Characterization
The current-voltage (I-V) characteristics of the diodes were measured in dark condition on wafer at five different temperatures (−20°, 0°, 25°, 50°and 90°C) by using a temperature controlled probe station and a semiconductor parameter analyser (Agilent 4155C). The I-V reverse and forward characteristics of a typical device are reported in semi-logarithmic plots in Figs. 2 and 3, respectively.
The leakage current is very small at very low reverse bias and increases quite slowly in the investigated reverse bias range: a dark current density value lower than 0.2 nA/cm 2 at 10 V reverse bias and room temperature can be extracted from the measurements. A small increase of leakage current with increasing temperature is observed passing from a value of about 0.08 nA/cm 2 at −20°C to a value of about 2 nA/cm 2 at 90°C (@ 10 V reverse bias). The observed trend is mainly due to thermal carrier generation and is in agreement with the literature and expected theoretical trend [4] , [13] . From the electrical characteristics of Fig. 3 , it is observable the rectifying behaviour of the device and an increase of the current at fixed bias with the increase of the temperature, with a shape similar to the thermo-ionic current-voltage theoretical trend [10] , [14] . Following the method proposed in [15] and using the literature value of 156 AK −2 cm −2 for the effective Richardson constant of 6H-SiC poly-type [10] , we analysed the I-V experimental forward characteristics at different temperatures and extracted the ideality index and the barrier height values shown in Fig. 4 . We observe reasonable trend and values for the ideality index, decreasing from the 1.57 ± 0.03 at -20°C to 1.44 ± 0.03 at 90°C; concerning the barrier height, similar values and dependence on the temperature have been already reported in literature, generally motivated with inhomogeneity of the Schottky barrier, plausible in our case due to the very low thickness of the semi-transparent layer, as yet observed in 4H-SiC diodes with thin Ni 2 Si Schottky contact [4] . The extracted values are in the range 1.18 ÷ 1.31 eV, for temperatures in the interval −20°÷ 90°C, with a value of 1.28 ± 0.03 eV at 25°C comparable to the one reported in literature for 400 nm thick Ni 2 Si Schottky contact on 6H-SiC, confirming the good electrical characteristics of the fabricated devices [10] .
The optical characterization was carried out on wafer by using a Xenon lamp assembly as the luminous source, a CVI/ Digikrom DK240 monochromator, a 100 μm diameter core optical fiber provided with focusing system and a commercial Ophir-Optronics power meter used to calibrate the apparatus. An automated procedure was used to calculate the photoresponvity during the measurements [4] , [11] . The dark current was first measured at each temperature and reverse bias values used for the characterization and then subtracted from the measured photocurrent values in 200-500 nm optical range.
Responsivity spectra measured on a typical device, at different reverse biases in the range 0-30 V and at the fixed temperature of 25°C, are illustrated in Fig. 5 . A responsivity peak of 0.07 A/W was measured at 320 nm at 0 V, corresponding to a quantum efficiency (QE) value of about 28%. A little shift in the peak wavelength and a small increase of the responsivity values are observable at higher reverse bias: a QE value of 31% was measured at 330 nm for 10 V reverse bias while a further increase of the applied reverse bias up to 20 V produces a significant widening of the responsivity spectrum in the UV-A region (wavelengths ࣙ 320 nm).
The responsivity increase, which is observable in the spectra of Fig. 5 with increasing the reverse bias, is due to the increment of the depletion width of the Schottky junction, in full agreement with expected trend, being the epilayer nominally 30 μm thick with an n-type dopant concentration <1 × 10 14 cm −3 [16] . Moreover, the widening effect of spectra in its right portion, is due to the longer penetration depth of UV-A radiation in SiC with respect to the UV-B, implying a more relevant effect of the bias (and consequently of the space charge region growth with reverse bias) on the responsivity at longer wavelengths [16] , [17] . [16] . It is then confirmed the very low nominal dopant concentration of the epilayer, in good agreement with the data provided by the epitaxial wafers supplier.
The electro-optical characterisation of the 6H-SiC diodes were also performed at five different temperatures (−20°C, 0°C, 25°C, 50°C and 90°C); the responsivity spectral curves in the wavelength range 200 ÷ 500 nm at 0 V are shown in Fig. 6 .
A slight increase of the responsivity at long wavelengths is observed at high temperatures mainly due to the reduction of the energy band gap, which is fully in line with the expected behavior and with literature data [4] , [7] , [8] .
Another key aspect, is the absence of optical response in the visible region, in all the explored bias and temperature range: an adequate visible blindness of 800 at room temperature and 0 V bias, can be obtained by dividing the peak responsivity value at 320 nm with responsivity values measured in the visible range at 500 nm.
As described in the previous paragraphs, our objective is the realization of an UV-A sensor. To this purpose, as widely described in our recent publication [7] , we propose the use of a thin passivating layer acting as optically absorbing UV-B filter. We studied the optical properties of several dielectric layers such as Tetraethyl orthosilicate (TEOS), hydrogen-rich Silicon Nitride (SiN:H) and Oxynitride (SiO x N y ), and we selected the SiN:H as the most suitable material for our development, due to its higher optical transmission in UV-A range and relevant light absorption in UV-C and UV-B [7] . The chemical composition of SiN:H layers was modified by changing the relative gas flow proportion of SiH 4 and NH 3 in PECVD equipment growth chamber in order to study the possible impact of the different chemistry on the optical and adhesion properties of the dielectric thin films [18] . Finally, the following SiN:H layers were selected to perform an accurate thin films optical characterization by ellipsometry measurements and optimize the filter design through optical transmittance simulations: 1) 60 nm thick film obtained with a SiH 4 /NH 3 ratio of 0.9, hereinafter named LDR SiN:H; 2) 220 nm thick film obtained with a SiH 4 /NH 3 ratio of 1.9, hereinafter named HDR SiN:H. The acronyms LDR and HRD are used in place of the "Low Deposition Rate" and "High Deposition Rate" labels, respectively, to identify the films just for notation convenience, according to the different films growth rate, due to the different SiH 4 /NH 3 gas flow proportion in PECVD equipment [7] .
Refractive index and extinction coefficient values (see Fig. 7 (a) and (b)) were measured on LDR and HDR SiN:H layers by using the ellipsometry technique. Spectroscopic ellipsometry data were collected using a J. A. Woollam VASE instrument. Optical spectra were recorded in a wide wavelength range (from 190 to 2100 nm with a 5 nm step) at 60°, 65°, 70°and 75°in order to build a robust model. A single Tauc-Lorentz oscillator model was used to fit the data [19] . We evaluated that the use of n-graded layer model was needed to improve the fit on the 220 nm thick HDR sample whereas it was unnecessary for the 60 nm LDR sample: obtained results are shown in Fig. 7(a) .
As shown in Fig. 7(b) , for both the LDR and HDR SiN:H layers, the extinction coefficient increases for low wavelengths, due to the higher optical absorption of high energy photons. Moreover it was found that the absorption was constant throughout the thicknesses of both LDR and HDR layers and relatively higher for HDR films, especially for low wavelengths.
Finally, both the refractive index and extinction coefficient measurements performed LDR and HDR SiN:H layers with different thickness did not show any significant dependence on this parameter. These data are not reported here for brevity.
In a first approximation the different behaviour of HDR SiN:H films could be ascribed to the higher Si atoms density in the dielectric layer. Further analyses are currently ongoing to support this hypothesis.
On the base of the measured optical characteristics of SiN:H layers shown in Fig. 7 (a) and (b), the optical transmittance of different dielectric layers stacks was calculated by using the Thin Film Center Essential MacLeod (TFCEML) optical simulator. Fig. 8 reports the optical transmittance simulation results relative to the use of the following dielectric thin films combinations on 6H-SiC: 1) 220 nm thick HDR layer; 2) stack of a 60 nm thick LDR and a 220 nm thick HDR layers; 3) stack of a 220 nm thick HDR and a 60 nm thick LDR layers; 4) stack of a 125 nm thick LDR and a 220 nm thick HDR layers; 5) stack of a 220 nm thick HDR and a 125 nm thick LDR layers. The increasing refractive index of HDR films was simulated by dividing the 220 nm film overall thickness in four different slices, each 55 nm thick, with graded increasing refractive index values from the bottom to the top of the layer.
From simulated transmittance spectra of Fig. 8 , no significant differences can be observed in the optical transmittance pattern for all the examined combinations up to 290 nm wavelength. Moreover, as expected, the high optical absorption of the SiN:H layers in UV-B and UV-C ranges consistently decreases the transmittance for low wavelengths. At longer wavelengths, a trend with interference is observed. Being interested in the maximization of the optical sensor response in the UV-A region and at the same time in the attenuation of UV-B, the single layer HDR is certainly inadequate. Instead the stack of a 60 nm thick LDR and a 220 nm thick HDR layers, is the best choice thanks to the transmittance relative peak (of about 43%) at 360 nm, exactly in the middle of the UV-A range (320-400 nm).
The SiN:H stack of a 60 nm thick LDR and a 220 nm thick HDR layers, was then integrated on the surface of one of the processed 6H-SiC wafers, as described in paragraph II. Devices with the SiN:H filter, were electrically and optically measured following the same characterization protocol used for the bare 6H-SiC photodiodes illustrated in this paragraph. As expected, no relevant changes were observed in the I-V characteristics in dark condition, with respect to the devices without filter. These measurements are not reported here for conciseness.
On the other side, relevant changes, as desired, were observed in the responsivity spectrum, as visible in Fig. 9 where are superimposed the responsivity spectra measured at 0 V and room temperature conditions of 1) a 6H-SiC photodiode; 2) a 6H-SiC photodiode with SiN:H filter; 3) a 4H-SiC photodiode (standard UV sensor technology); 4) a 4H-SiC photodiode (standard UV sensor technology) with SiN:H filter; The response of the 6H-SiC photodiode, thoroughly described in previous pages, and of the 4H-SiC standard UV sensor examined in our previous paper [4] , [7] are reported here for completeness and comparison.
The presence of the SiN:H filter consistently reduces the responsivity in the UV-C range and further shifts the peak responsivity spectrum in the UV-A range, as expected. We observe a shift of the responsivity peak from 320 nm (0.07 A/W) to 360 nm (0.06 A/W) for 6H-SiC and from 290 nm (0.045 A/W) to 330 nm (0.027 A/W) for 4H-SiC. Observing the spectra of Fig. 9 , the anti-reflecting effect of the SiN:H stack for wavelengths around the 370 nm value for 6H-SiC and around the 350 nm value in the case of the 4H-SiC is also evident; in fact the responsivity values of the devices with filter are higher than that of the unfiltered sensors at the aforesaid wavelengths.
It is important to highlight the relevant difference between the responsivity spectra of 6H-SiC and 4H-SiC sensors, due to the different band gap of the two poly-types, but also to the different thicknesses of the active epilayer (30 μm in the case of 6H and 6 μm in the case of 4H, as widely described in paragraph II). This implies a shift of the responsivity spectrum towards longer wavelengths due to the contribution of the photocarriers generated at long wavelengths below the space charge region, as yet discussed in previous pages and in agreement with the behaviour observed in [20] . From spectra of Fig. 9 , we extracted for all the examined sensors, the ratio between the response in the UV-A range (obtained integrating the responsivity spectral values between 320 and 500 nm) and the response in the whole UV (obtained integrating the responsivity curve between 200 and 500 nm). The ratios, expressed in percentage, are reported in Table I with the yet discussed results in terms of peak wavelength of the optical response (λ peak ) and responsivity peak value (R peak ): it is evident the optimal performance of 6H-SiC diode with integrated SiN:H filter operating as UV-A sensor.
Finally, similarly to the sensor without filter, also for the 6H-SiC photodiode with SiN:H filter responsivity spectral shape were measured at different temperatures at 0 V bias. As expected, the trend of the responsivity with the temperature is independent from the presence of the filter with an almost constant value of the measured values with the temperature at 260 nm wavelength, and an almost linear increase of the responsivity with the temperature with a coefficient of 5.5 × 10 −5 A/W°C at 320 nm and of 2 × 10 −4 A/W°C at 360 and 380 nm, just to indicate some crucial values.
Conclusion
In this paper, we report on the performance of 1 mm 2 optically active area 6H-SiC based UV photodiodes and on the electro-optical characteristics of an UV-A sensor obtained by the integration of a SiN:H dielectric layers stack on the 6H-SiC photodiode surface. The devices here proposed were fabricated using the same technology currently in use for the fabrication of 4H-SiC UV photodiodes with thin continuous Ni 2 Si front electrode.
Electrical characterization of devices without and with SiN:H filter were performed demonstrating full agreement with theoretical trend and with literature data on similar devices. A very low dark current density value (lower than 0.2 nA/cm 2 at 10 V reverse bias and room temperature) was measured. This result is not trivial considering the current poor technology maturity of 6H-SiC material.
The use of 6H-SiC is proposed in order to shift the optical response of the sensor toward the visible region, with respect to the 4H-SiC optical characteristics. A maximum peak responsivity value of about 0.07 A/W was measured at 320 nm, 0 V bias, and room temperature on the 6H-SiC bare prototypes. The use of suitable thin SiN:H films on the detectors surface allows to significantly shift the peak responsivity spectrum to 360 nm where 0.06 A/W value was measured always at 0 V and room temperature. Moreover the use of these dielectric layers stack properly designed through optical transmittance simulations based on the effective extinction coefficients and refractive index values measured through ellipsometry allows to significantly increase the UV-A/UV ratio of the 6H-SiC photodiodes, towards the realization of a high performing UV-A sensor with high signal-tonoise ratio.
